1. The composition of guinea-pig liver folates and the biochemical route of formation of liver folates from injected tritium-labelled pteroylglutamic acid (folic acid) have been studied.
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instead of the one glutamate moiety contained in folic acid (pteroylglutamic acid). The naturally-occurring intracellular folates are also usually reduced in the 5, 6, 7 and 8 position of the pteridine ring and have a methyl, formyl or other single carbon unit attached at position N-5 or N-10. Folate is transported in plasma as the monoglutamate compound, 5-methyltetrahydrofolate (Herbert, Larrabee & Buchanan, 1962) , and must, therefore, be converted into the polyglutamate forms within all mammalian cells.
Griffin & Brown (1964) studied the formation of pteroyltriglutamates in the bacterium, Escherichia coli but, as far as we are aware, no studies have been carried out into the formation of pteroylpolyglutamates by mammalian cells. The liver is the main site of folate storage in the body and the purpose of the present study was to examine the biochemical sequence of events which occurs in the formation of pteroylpolyglutamates from pteroylglutamic acid in mammalian liver. The guinea-pig was chosen as a suitable experimental animal. A preliminary abstract of this work has appeared (Corrocher, Bhuyan & Hoffbrand, 1972) .
M E T H O D S

Studies of endogenous folates Preparation of liver homogenate
Adult male guinea-pigs (Hartley strain) weighing between 250 and 300 g were starved overnight and killed by a blow on the head. Approx. 4 g of the liver were removed immediately after death, washed briefly in ice-cold 0.02 M-sodium phosphate buffer, pH 8.0, containing ascorbic acid (1 g/l00 ml) and homogenized for 30 s in 100 ml of the same buffer in a cold Waring Blendor, all procedures being performed at 4°C. The homogenate was immediately autoclaved at 110°C for 10 min, filtered by suction and the filtrate was centrifuged for 5 min at 3000 rev./min to obtain a clear supernatant. The protein content of the liver homogenate was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) .
Measurement of total and yree' endogenous folates in whole liver
This was done by microbiological assay. Pteroylpolyglutamates containing more than three glutamate moieties/molecule are not microbiologically active. They may be hydrolysed to microbiologically active ('free') pteroylmonoglutamates by an enzyme, folate conjugase (pteroylpolyglutamate hydrolase, PPH, y-glutamyl-carboxy-peptidase), which is present in large amounts in fresh human plasma and in other human and animal tissues and has a pH optimum of 4.6 (Blakley, 1969; Hoffbrand, 1971) . To render the liver pteroylpolyglutamates microbiologically active, therefore, portions of the clear supernatant were incubated with fresh human plasma (plasma PPH) in the following mixture: 0.1 ml ofhomogenate supernatant, 0.1 ml of fresh normal human plasma, 1-8 ml of McIlwain's citrate-phosphate buffer, pH 4.6, containing ascorbic acid (1 % w/v). The pH of the buffer was adjusted to 4.6 with 5 M-NaOH after addition of ascorbic acid. Similar tubes were set up using aqueous dilutions (1 : 2 and 1 : 4) of the supernatant. Additional tubes containing homogenate and buffer but no plasma were set up to measure the 'free' (microbiologically active before deconjugation with PPH) folate of the homogenate. Suitable tubes ('blanks') were set up to measure the folate content of the plasma. After incubation for 90 min at 37°C with continuous shaking, all tubes were autoclaved for 10 min at 110°C to inactivate PPH and to extract folates from protein. After centrifugation, the folate content of each supernatant was assayed microbiologically with Lactobacillus casei and Streptococcus faecalis.
The microbiological assays were set up using essentially the technique of Waters & Mollin (1961) and Herbert (1966) . Each assay tube contained 5 ml of double-strength assay medium (Difco Laboratories), 4 ml of water, 0.5 ml of ascorbic acid (1 g/l00 ml) and 0.5 ml of autoclaved fraction. After sterilization of the culture tubes by autoclaving at 110°C for 10 min, they were inoculated with a drop of a washed 6 h culture of L. casei or S. faecalis. After incubation for 18-20 h at 37°C the optical density of growth was measured and, where necessary, compared with the growth of the organism in standard tubes.
Identification of individual endogenous folates
Separation of folates by DEAE-cellulose column chromatography. Approximately 30 ml of the clear supernatant obtained after autoclaving the original homogenate was fractionated on a DEAE-cellulose column using minor modifications of the methods described by Wittenberg, Noronha & Silverman (1962) and Schertel, Boehne & Libby (1965) . The DEAE-cellulose (Whatman DE-52) column (10 cm x 10 mm) was equilibrated with 0.02 M-phosphate buffer, pH 7.0, containing 0.2% mercaptoethanol. The homogenate was passed through the column which was then washed with a further 30 ml of this starting buffer. The folates were then eluted by a linear gradient of increasing phosphate concentration (PH 7.0) from 500 ml volumes of 002 M and 0.5 M buffer; 100 fractions each of 10 ml were collected into tubes containing 10 mg of freshly added ascorbic acid.
The DEAE-column was calibrated with tritiated pteroylglutamic acid ([3H]PteGlu 3'-5' and 5-methyltetrahydropteroylglutamic acid ([5-'4C-CH3]H,PteGlu) both of which were) supplied by The Radiochemical Centre, Amersham, Bucks. The elution of these two marker folates gave reference points to which our own elution patterns and those reported in the literature could be compared (Fig. l) . The identification of the endogenous folates eluted from the DEAE-column was also effected in the following ways: (1) assay of each fraction with L. casei, S. faecalis and Pediococcus cerevisiae, both with and without incubation of each fraction with PPH, and (2) noting the elution position of each compound both with and without treating the homogenate supernatant with PPH before application to the column.
Microbiological assay of the elutedfractions
The fractions obtained after chromatography of a liver homogenate supernatant were assayed using three test organisms, L. casei, S. faecalis and P. cerevisiae. In addition, each fraction was assayed after treatment with either pancreas PPH or with plasma PPH, asfollows:
Chick pancreas PPH. This enzyme has a pH optimum of 7.0-8.0 and splits pteroylpolyglutamates to the diglutamate form (see Blakley, 1969; Hoffbrand, 1971) . Samples (2 ml) of each fraction were incubated with 0.2 ml of chick pancreas PPH for 90 min at 37°C with continuous shaking. The mixture was then autoclaved at 110°C for 10 min. Suitable blank tubes were set up containing either no PPH or no fraction. Chick pancreas PPH was prepared by dissolving 60 mg of commercial preparation (Difco Laboratories) in 20 ml of water.
Plasma PPH. A sample (0.7 ml) of each fraction was incubated for 90 min at 37°C with 2.0 ml of 0.1 M-citrate-phosphate buffer, containing 1% (w/v) ascorbic acid (the pH having been readjusted to 4.6 with 5 M-NaOH) and 0.3 ml of fresh normal human plasma. The mixture was then autoclaved. Suitable blanks were set up to measure the folate content of the plasma.
The growth of L. casei, S. faecalis and P. cerevisiae on different folate compounds depends on :
(a) whether they have 1, 2, 3 or more glutamate residues, and (b) according to whether the folates are reduced and/or have formyl or methyl substituent groups (Table 2, and Blakley, 1969; Chanarin, 1969) . 
Effect of prior PPH (conjugase) treatment on the elution position of individual folates
The effect of treating the initial liver homogenate supernatant with chick pancreas PPH (30 ml of supernatant to 3 ml of PPH) as described earlier, on the elution position of individual folate compounds in the supernatant was also studied. The elution position of the folate compounds depends partly on the length of the glutamate chain, the compounds with the greater number of glutamate moieties eluting later from DEAE than compounds with fewer glutamate moieties. The elution position of pteroyltriglutamates or higher pteroylpolyglutamates will, therefore, be altered (brought forward) by deconjugation with chick pancreas PPH, whereas the elution position of pteroyldiglutamates and pteroylmonoglutamates will be unaffected by treatment with chick pancreas PPH preparation ( Table 2) .
Studies of incorporation of radioactive folic acid Preparation of liver homogenate
For the radioactive folic acid incorporation studies, the animals were starved overnight and injected with 1.0 ml (50 pCi) of [3H]PteGlu ([3',5'-5H]folic acid, potassium salt, specific radioactivity 66 pCi/pg, TRK 212, The Radiochemical Centre) into the thigh muscle. The purity of the pteroylglutamic acid was checked by DEAE-cellulose column chromatography as described below. The animals were killed by a blow on the neck 1, 4, 24 or 84 h after the injection and a liver homogenate prepared and autoclaved as described earlier. Animals kept alive for 24 and 84 h after the injection were allowed to eat freely from 12 h after the injection.
Measurement of radioactivity
In experiments with labelled folk acid, the radioactivity in each fraction was measured in an Intertechnique liquid-scintillation counter: 0.4 ml of each fraction was added to 10 ml of scintillation fluid [formula: 5-(4-biphenuylyl)-2-(4-t-butylphenyl)-l-oxa-3, Cdiazole (butyl BPD), 8 g; naphthalene, 80 g; oxitol, 400 ml, toluene 600 ml).
[3H]Hexadecane in toluene (100 p1, 16000 d.p.m.) was then added to each vial as an internal standard to measure the degree of quenching and the c.p.m. in each fraction was corrected to d.p.m.
Elution pattern of the labelled folates
This was studied with the homogenate supernatant (a) applied and eluted without prior PPH treatment, and (b) applied and eluted in an identical manner except that the 30 ml of homogenate supernatant was first treated with chick pancreas PPH (as above) and then autoclaved and centrifuged before application to the column.
Measurement of supernatant radioactivity of the eluted fractions after growth of L. casei or S. faecalis
The incorporation of different folates into L. casei and S. faecalis during their growth may be helpful to identify individual folate compounds (McElwee & Scott, 1972) and was used here to further confirm the identity of labelled folate peaks eluting from the DEAE-cellulose column.
Samples (2 ml) from each fraction were incubated with 0.2 ml of chick pancreas PPH or with 0.2 ml of water for 3 h, autoclaved as above and 2 ml of double-strength growth medium (containing ascorbic acid, 1 g/lW ml) were added. The tubes were then re-autoclaved. Three 1 ml samples were taken from the clear supernatant. Two of these were inoculated with L. casei and S. faecalis and the third kept as a control. After 18-20 h of incubation at 37"C, all three tubes were centrifuged at 3000 rev./min for 10 min and the radioactivity of 0.4 ml of each supernatant counted. The differences in counts between the supernatants of the inoculated and un-inoculated tubes represent the uptake of radioactivity by L. casei and by S. faecalis. The basis of this differentation is the observation of McElwee & Scott (1972) that pteroyltriglutamates are totally excluded from the S. faecalis cell but can be completely removed by growing L. casei cells, provided the amount of folate present is limiting. In the experiments performed here it was always ensured that the amount of total folate present did not exceed that which could be totally used by the growing bacteria.
RESULTS
All results are the mean values on three animals. Table 1 shows the microbiological activity of the liver before and after plasma PPH treatment. Most of the folates eluted after tube 50 and they consisted of compounds with more than three glutamate derivatives since these were only microbiologically active after hydrolysis with +, Significant growth of organism; -, no growth of organism. n=4 or more.
Endogenous folate amount and distribution
* Effect of treatment of liver homogenate with C.P. PPH before chromatography on elution position of the peak: +, peak still present in same position; -, peak not present after C.P. PPH treatment.
PPH. It was impossible to identify each peak exactly but a tentative identification of some of the peaks which appeared to incorporate labelled folate (see below), based on microbiological activity before and after deconjugation, suggests that these are formyl and methylreduced pteroylpolyglutamates (peaks VIII-XII, Fig. 2 and Table 2) . From these chromatographic studies it was possible to estimate the proportion of liver folates as mono-, di-, tri-and poly-glutamates by integrating the areas under the peaks. These showed pteroylmonoglutamates (traces), pteroyldiglutamates (1 %), pteroyltriglutamates (I 5%) and pteroylpolyglutamates (84%) ( Table 1) .
It was also possible to calculate the approximate composition of liver folate from the overall microbiological assay results (given in the first paragraph of the Results section, and shown in Table 1 ). These showed 87% of pteroylpolyglutamates and 13% of pteroyltriglutamates+ pteroyl di-and mono-glutamates (Table l) , which is in fair agreement with the results of the chromatographic results.
Incorporation of radioactive pteroylglutamic folic acid into liver folates
The total liver radioactivity after injection of [3H]pteroylglutamic acid increased progressively from 1 to 84 h (Table 3) . Figs. 3-6 show the patterns of liver radioactivity 1, 4, 24 and 84 h after the intramuscular injection of [3H]pteroylglutamic acid and Fig. 7 compares the overall results with endogenous folate composition. The total concentration of radioactivity in the liver increased gradually from 1 to 84 h ( Table 3) . At 1 h most (78.3%), of the radioactivity chromatographed as pteroylglutamic acid (PteGlu). The small proportion of radioactivity that eluted before pteroylglutamic acid was fairly evenly distributed between peaks I, I1 and I11 (reduced pteroylmonoglutamates) ; peak IV (reduced 5-methyldiglutamate) and peaks V, VI and VII (reduced triglutamates) (Tables 2 and 3) . [A further peak may have been present at this time and at 4 and 24 h between peaks I11 and IV (see Figs. 3,4 and 5) but this (Table 2) .
was too small to be properly identified. If it is a genuine peak then it could be a reduced formyl pteroyldiglutamate.] By 4 h the pattern had altered. No radioactivity could now be identified as unchanged labelled pteroylglutamic acid. The largest peaks of radioactivity were V, VI and VII (pteroyltriglutamates) which between them contained 52.1% of the total liver radioactivity. A lesser proportion of radioactivity was in peaks I, 11, I11 and IV. Two new peaks, VIII and IX, had also appeared in the position identified microbiologically as reduced pteroylpolyglutamates. At 24 h the pteroyltriglutamate peaks continued to dominate the pattern, forming 48.6% of the total radioactivity. The relative heights of peaks I, 11, I11 and IV were now much lower while the relative heights of peaks VIII and IX were higher and two additional peaks, X and XI, had appeared in the reduced polyglutamate area.
By 84 h the pattern of radioactivity (Fig. 6) total L. casei active folate (Fig. 2) . The largest peaks occurred in the reduced polyglutamate region (VIIJJ and most of the radioactivity (81.2%) was in the polyglutamate region. The greatest proportion of the remaining radioactivity was in the triglutamate peaks V, VI and MI and comparatively small amounts of radioactivity were present in the regions of the reduced Table 4 shows the results of studies of uptake of the radioactivity in peaks at tubes 32,42,47 and 49 (peaks V, VI, VII and VIIJJ by L. casei and S. faecaZis before and after treatment of these tubes with chick pancreas PPH. This data was consistent with the identification of those peaks given in Table 2 and lends weight, therefore, to the identification of the endogenous folate peaks given earlier solely on microbiological activity The proportion of radioactivity in the different folates at 84 h closely paralleled the proportion of endogenous folates with different glutamate chain lengths though the proportion of labelled pteroylpolyglutamates was still somewhat less than the proportion of endogenous folates which are pteroylpolyglutamates (Fig. 7) .
mono-and di-glutamates (peaks I-IV).
DISCUSSION
These results have delineated the forms of folate in guinea-pig liver and their route of formation from folic acid. It is not possible from these studies to give an exact value for the proportion of each individual folate compound for a number of reasons : (1) Separation of reduced folates 
FIG. 7.
Comparison of the distribution of radioactivity in different folates at I , 4,24 and 84 h after injection of [3H]pteroylglutamic acid with the distribution of endogenous folates, estimated by chromatography (Fig. 2) .
with similar numbers of glutamate moieties is incomplete in the system used, partly because it is not possible to assess the portion of the folates in the di-or tetra-hydro state and partly because the separation of compounds differing only by the single carbon unit attached to the pteroyl moiety, whether 10-formyl or 5-formyl, 5-methyl or 5,lO-methenyl or 5,10-methylene, or no single carbon unit at all, is also technically difficult. The separation of compounds with more than three glutamate moieties of differing degrees of reduction and with different single carbon units attached, presents even greater technical difficulties and it may well be that compounds differing both by chain length and by single carbon unit attachment could elute in the same volume. It is also possible that some interconversion of folates from one form to another may have occurred during our extraction procedure. Homogenization in the cold at a slightly alkaline pH was chosen to reduce endogenous liver pteroylpolyglutamate hydrolase activity. Ascorbic acid was present at all times to prevent oxidation of labile folates during heat extraction and though there may have been some conversion of less stable forms, e.g. 10-formyl folates, 5,lO-rnethylene folates and tetrahydro folates to the 5-formyl derivatives this should be minimal under our conditions (BlaMey, 1969, page 35) . The microbiological techniques of assay have a degree of error estimated to be about 10-20% and since only small numbers (three guinea-pigs) were used to plot each point, the error of each point is at least of this order.
Despite the limitations of the techniques used, it was nevertheless possible to give some estimate of the proportions of liver folate existing as pteroylpolyglutamates with more than three glutamates, and as pteroylmono-, di-and tri-glutamates. Microbiological assay of the guinea-pig liver homogenate extract both with and without DEAE-cellulose column chromatography gave similar results. These showed that some 8487% of liver folate exists as higher polyglutamates, and the major proportion of the remainder, some 12-1 5%, as pteroyltriglutamates. The proportion of pteroyldiglutamates in liver appears small, about 1%, and only traces of monoglutamate forms are present.
All the forms appeared to be reduced, probably as tetrahydrofolate derivatives. Methyl and formyl derivatives only could be identified and these were approximately equally distributed throughout the different polyglutamate derivates with about 53% of the liver folate being 5-methyl derivatives (Table 2) . No pteroylglutamic acid was present. It is worth re-stating that our characterization of the degree of reduction and single carbon unit attachment of the folates is tentative. We have assumed no dihydro-derivatives are present and also have labelled as 'formyl' derivatives those compounds microbiologically active for all three microorganisms before or after deconjugation. It is possible, however, that some tetrahydrofolates with no single carbon unit attached are present and these like methenyl and methylene derivatives have been erroneously labelled here as formylated compounds and that some dihydrofolate derivatives exist naturally which we have assumed to be tetrahydrofolates.
These results are essentially similar to those of other studies of the folates in natural materials. found that chicken liver folate was composed mainly of pteroylpolyglutamates with 5-methyltetrahydro derivatives predominating while Bird, McGlohon & Vaitkus (1965) concluded that 5-formyl pteroylpolyglutamates form the largest fraction of rat liver folates. A recent abstract also suggests that pteroylpolyglutamates are the main form of folate in human liver (Whitehead, 1971) . Schertel et al. (1965) found that yeast folate consisted of approx. 97% pteroylpolyglutamates with more than three glutamate moieties; 10-formyl derivatives were thought to predominate. Butterworth, Santini & Frommeyer (1963) found 75% pteroylpolyglutamates in a mixed American diet and Perry (1971) found similar results for an English diet. An interesting observation in the present studies is the relatively high proportion of pteroyltriglutamates in mammalian liver. This has a number of implications. Pteroyltriglutamates may be more easily absorbed than the higher polyglutamates (Butterworth, Baugh & Krumdieck, 1969; Baugh, Krumdieck, Baker & Butterworth, 1971 ) which may partly explain why liver folate is much more readily absorbed than, for instance, yeast folate. 5-Methyltetrahydro pteroyltriglutamate has also been shown to take part in methionhe synthesis by a vitamin B12 independent reaction in E. Cali, whereas the monoglutamate folate (5-methyltetrahydrofolate) also requires methyl-cobalamin to carry out this reaction in this organism (Foster, Tejerina, Guest &Woods, 1964) . If this is also true in mammals, this reaction in liver at least could well be independent of vitamin BIZ.
Dietary folate normally enters the liver from the portal blood as the monoglutamate, 5-methyltetrahydrofolate, into which it has been converted by the small intestinal cell (Perry & Chanarin, 1970) . The results here show that pteroylpolyglutamates are built up in the liver cell from the monoglutamate form step-wise by addition of single glutamate moieties over several days, possibly with a hold-up at the triglutamate stage. Griffin & Brown (1964) showed that E. coli could only use glutamic acid and not the dipeptide glutamyl-L-glutamic acid in the formation of pteroylpolyglutamate and this seems to be true for mammalian systems. Injected pteroylglutamic acid or pteroylglutamic acid entering unchanged from the small intestine will normally be the first reduced and converted into the 10-formyl and 5,lO-methylene derivatives by the liver before extra glutamates are added. The sequence of events for the formation of the methyl derivatives is probably:
(3) (4) PteGlu+Hz PteGlu+H, PteGlu-, 10-CHO-H, PteGlu+S-CH,-H, PteGlu-, 5-CH,-H4 PteGlu2-,5-CH,-H4 PteGlu,-,5-CH3-H4 PteGlu,, etc.
(5) (6) 5-Formyl H4 PteGlu is probably only formed in vitro from 10-formyl and 5,10-methylene derivatives. It is not certain from the present results whether reaction (2) follows or precedes reaction (1). The results of studies in methotrexate-treated animals, however, suggest that reduction is normally the first step, but that reduction, formylation or methylation are not essential for polyglutamate formation (Corrocher & Hofirand, 1972) .
There is a relatively slow build-up of pteroylpolyglutamates in the liver and, in the guineapig, newly injected pteroylglutamic acid has only equilibrated with endogenous folates after 84 h. This delay in incorporation of pteroylglutamic acid into pteroylpolyglutamates appears to occur largely at the tri-and poly-glutamate stages, initial reduction, formylation and methylation occurring quickly, conjugation to the triglutamate stage being somewhat slower, with conjugation to the higher polyglutamates the slowest step. 
Note added in proof
